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Abstract: In this paper, we present a novel approach for the electrochemical detection of 
jS-captopril based on graphene AuAg nanostructures used to modify an Au electrode. Multi-layer 
graphene (Gr) sheets decorated with embedded bimetallic AuAg nanoparticles were successfully 
synthesized catalytically with methane as the carbon source. The two catalytic systems contained 
1 .0 wt% Ag and 1 .0 wt% Au, while the second had a larger concentration of metals (1.5 wt% 
Ag and 1.5 wt% Au) and was used for the synthesis of the Gr-AuAg-1 and Gr- AuAg- 1.5 mul- 
ticomponent samples. High-resolution transmission electron microscopy analysis indicated the 
presence of graphene flakes that had regular shapes (square or rectangular) and dimensions in 
the tens to hundreds of nanometers. We found that the size of the embedded AuAg nanoparticles 
varied between 5 and 100 nm, with the majority being smaller than 20 imi. Advanced scanning 
transmission electron microscopy studies indicated a bimetallic characteristic of the metallic 
clusters. The resulting Gr-AuAg-1 and Gr-AuAg-1.5 samples were used to modify the surface 
of commonly used Au substrates and subsequently employed for the direct electrochemical 
oxidation of 5-captopril. By comparing the differential pulse voltarrmiograms recorded with 
the two modified electrodes at various concentrations of captopril, the peak current was deter- 
mined to be well-defined, even at relatively low concentration ( 10"^ M), for the Au/Gr- AuAg- 1.5 
electrode. In contrast, the signals recorded with the Au/Gr-AuAg-1 electrode were poorly 
defined within a 5x10"^ to 5x10"' M concentration range, and many of them overlapped with 
the background. Such composite materials could find significant applications in nanotechnol- 
ogy, sensing, or nanomedicine. 

Keywords: bimetallic AuAg nanoparticles, electrochemical detection, multi-layer graphene 

Introduction 

Graphene, which forms the basis of all carbon nanostructures, has shown outstanding 
performance in the electrochemical analysis of small biomolecules (adenine, guanine '"■') 
in environmental analysis,*'^ and for studying the communication of electrons between 
the electrode surface and the active center of various enzymes or for biosensing'' without 
the participation of mediators.'-* 

When using graphene in sensor devices, one of the most important issues is the 
understanding of physical and chemical phenomena that take place at its surface, as 
well as its interaction with molecules from solution. For example, the orientation 
of molecules on the graphene surface due to n-n stacking is highly beneficial for 
improving the transfer of electrons. Therefore, modification of the electrode surface 
with graphene may significantly improve the characteristics and performance of elec- 
trochemical sensors. The graphene sheets facilitate the transfer of electrons between 
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the analyte and the electrode surface, leading to a significant 
reduction in the activation over-potential. 

5-captopril, 1 -(3-mercapto-2-(5)-methyl- 1 -oxopropyl)- 
<S'(L) proline, is an angiotensin-converting enzyme inhibitor 
used to treat cardiovascular disease. Captopril has three 
possible stereoisomers due to the presence of asymmet- 
ric centers associated with proline and the 3-mercapto- 
2-methylpropionic acid side chain. One of these lacks 
angiotensin-converting enzyme-inhibiting activity and must 
therefore be eliminated from pharmaceutical pills that must 
contain only the 5-enantiomer: i?-captopril, l-(3-mercapto- 
2(S)-methyl-l-oxopropyl)-i?(D)-proline.''"'The oxidation of 
the thiol group is critical to the electrochemical determina- 
tion of 5-captopril and can be accomplished at the surface 
of various electrodes. 

Rezaei and Damiri" studied the electrochemical detection 
of ^-captopril, using a hexacyanoferrate (HCF) (II) electro- 
catalyst and a multiwalled carbon nanotube (MWCNT)- 
modified glassy carbon electrode, and found that this system 
greatly increased electro-catalytic activity toward the oxida- 
tion of captopril in acidic solutions. In contrast, an iron-oxide 
nanoparticle-modified carbon-paste electrode did not show 
any electro-catalytic effect on the oxidation of captopril. They 
concluded that iron-oxide impurities in the MWCNTs were 
not active sites for captopril sensing. The performance of 
the MWCNT-HCF system was compared with that of other 
reported systems and was found to have a relatively wider 
dynamic range (0.5-600.0 jiM) and suitable selectivity, with 
a detection limit of around 0.2 )j,M, and excellent precision 
(relative standard deviation <3%). 

Bahramipur and Jalali'^ used chlorpromazine, an appro- 
priate mediator, to investigate the oxidation of captopril. The 
electrochemical properties of chlorpromazine were char- 
acterized by cyclic voltammetry and chronoamperometry; 
its electro-catalytic effect on captopril oxidation was then 
studied. Two kinetic parameters - the rate constant of catalytic 
reaction as well as the electron-transfer coefficient - were 
found to be 8.48x10^ M^'s"' and 0.34, respectively 

Ensafi et al'^ used a vinylferrocene-modified MWCNT- 
paste electrode to investigate the electrochemical behavior 
of captopril. Cyclic voltammetric experiments indicated that 
their system showed remarkably enhanced electro-catalytic 
activity toward the oxidation of captopril, in an aqueous buf- 
fer solution of pH 8. The calibration curve for captopril was 
linear in the concentration range of 0.2^00.0 |J,mol • L ' with 
a detection limit of 0.08 jimol ■ L^'. Satisfactory results were 
obtained when this electrode was used to detect captopril in 
real samples, such as drugs and urine. 



Recently, Sattarahmady et al''' synthesized a nanocom- 
posite consisting of cobalt HCF/reduced graphene oxide 
using a facile precipitation route. Cobalt HCF was depos- 
ited as <50 nm diameter nanoparticles on the surface of 
graphene sheets. The nanocomposite was then used in the 
modification of a carbon-paste electrode to study the electro- 
oxidation of captopril. They reported that, in the presence 
of captopril, the anodic peak current of the Fe(II)/Fe(III) 
transition increased, while the peak currents of the Co(II)/ 
Co(III) transition remained almost constant. As a result, the 
authors suggested that the captopril had been oxidized on 
the modified electrode surface through an electro-catalytic 
reaction. Based on this method, the detection limit of cap- 
topril was 0.331 |iM. 

All of the reported research described here found that it 
was necessary to employ redox mediators either in solution or 
adsorbed on the electrode surface to enhance the signal corre- 
sponding to captopril oxidation. Following this group's recent 
papers on the synthesis and applications of composite materi- 
als based on graphene and metal nanoparticles,'^"' herein, we 
report on an extension of this research and present, for the first 
time, insofar as we are aware, the direct electrochemical oxida- 
tion of 5-captopril using electrodes modified with graphene and 
bimetallic AuAg nanoparticles. As we have observed so far, the 
morphological and structural properties of graphene decorated 
with bimetallic nanoparticles are different compared with those 
of graphene decorated with metallic nanoparticles. This find- 
ing is in excellent agreement with several earlier reports that 
have clearly indicated that bimetallic nanoparticles exhibit an 
enhanced electro-catalytic activity compared with pure metal 
nanoparticles.""" A similar behavior was also reported for 
multicomponent systems formed of graphene sheets decorated 
with bimetallic nanoparticles.^" 

In their recent work, Hu et aP' demonstrated that graphene- 
bimetallic Pt-Au nanoparticles exhibited an enhanced 
electro-catalytic activity, compared with Au-graphene or 
Pt-graphene. By using cyclic voltammetry, they showed that 
the Pt- Au-graphene catalyst was better than Au-graphene or 
Pt-graphene, for both the oxygen reduction reaction and the 
methanol oxidation reaction. 

Based on such interesting prior findings, the purpose of 
the present work reported here was to compare the electro- 
catalytic properties of graphene decorated with various 
amounts of bimetallic AuAg nanoparticles, which are 
believed to be highly electrochemically active. The approach 
used a process developed in this group's laboratories that 
results in the synthesis of metallic nanoparticle-graphene 
composites in one step. 
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The morphological and structural characteristics of 
the composite materials were investigated by transmission 
electron microscopy (TEM)/scanning transmission electron 
microscopy (STEM) techniques, X-ray powder diffraction 
(XRD), thermal gravimetric analysis (TGA), and BET 
(Brunauer-Emmett-Teller) analysis. Moreover, differential 
pulse voltammetry (DPV) and electrochemical impedance 
spectroscopy (EIS) were employed to characterize Au 
substrates modified with graphene-AuAg composites, in 
the presence of various concentrations of captopril. The 
EIS experimental data were analyzed based on an equiva- 
lent electrical circuit, which took into consideration the 
Warburg impedance (Z^), charge-transfer resistance (R^,,), 
solution resistance (R^), and a constant-phase element 
(CPE) that modeled the nonideal capacitive response of 
the interface. 

Materials and methods 

Preparation of Au-Ag/MgO 
catalysts and the corresponding 
graphene-AuAg composites 

Two types of mixed catalysts (Au-Ag/MgO) were pre- 
pared by sequential deposition of Au and Ag on MgO (SC 
Biochemicals SRL, Cluj-Napoca, Romania), as previously 
described in detail.^^ In the case of the first catalyst (Au-Ag 
[ 1 wt%]/MgO), 1 .0 wt% Au and 1 .0 wt% Ag were used, while, 
in the case of the second catalyst (Au-Ag [1.5 wt%]/MgO), 
these amounts were larger: 1.5 wt% Au and 1.5 wt% Ag. 
Briefly, Ag was deposited first by wet impregnation of MgO 
with an aqueous solution of AgNOj followed by Au depo- 
sition (by homogeneous deposition-precipitation method 
with urea). After deposition, the catalysts were thermally 
treated at 200°C for 2 hours in the air, then at 250°C for 3.5 
hours. Next, inductively coupled plasma mass spectrometry 
analysis was performed with a Perkin Elmer ELAN DRC - 
(e) instrument (Waltham, MA, USA) to determine the real 
amount of Au and Ag deposited onto the MgO support during 
preparation of the catalysts. Hence, for the determination of 
Au concentration, the Au-Ag/MgO catalyst sample was first 
dissolved in aqua regia, and the resulting AgCl precipitate 
was solubilized with NH^OH solution. For the determination 
of Ag concentration, the catalyst sample was dissolved in 
concentrated HNOj. The inductively coupled plasma mass 
spectrometry analysis proved that, in the case of the first 
catalyst (Au-Ag [1 wt%]/MgO), the Au/Ag ratio was in fact 
0.9/0.5 (wt%), while, in the case of the second catalyst (Au- 
Ag [1.5 wt%]/MgO), the Au/Ag ratio was 1.2/0.9 {wt%)?' 



The mixed catalysts were then used for the synthesis of 
graphene sheets with embedded Au and Ag nanoparticles.^^ 
A small amount of each Au-Ag/MgO catalyst (about 50 mg) 
was uniformly dispersed in a graphite crucible, which was 
then positioned inside a quartz reactor (with an internal 
diameter of 3 cm and length of 50 cm). The entire reactor was 
introduced into the center of a water-cooled copper-tube coil 
that was connected to a high-frequency generator (1 .2 MHz, 
5 kW). Next, argon was flown (300 mL • min ') for 10 minutes 
to remove the air present in the chemical vapor deposition 
(CVD) chamber Afterward, the crucible was heated to 500°C 
for 5 minutes and then to 1 ,000°C (for 45 minutes - synthesis 
temperature) at which point methane gas was allowed into the 
reactor along with the argon flow (100 mL • min"*) . During the 
entire synthesis process, the crucible temperature was moni- 
tored with a sensitive infrared thermometer (Pyrometer Impac 
IGA 8 plus, LumaSense Technologies, Inc, Santa Clara, CA, 
USA). At the end of the synthesis process, the methane flow 
was stopped, and the crucible was cooled in argon flow until 
its temperature decreased to room temperature. 

To remove the amorphous carbon and the MgO catalyst 
support, the synthesis product was purified in two steps. 
In the first step, the product was oxidized in the air for 
30 minutes (at 450°C), with a heating rate of 10°C ■ min"', to 
remove the unwanted amorphous carbon. Second, the MgO 
support was removed by sonication in aqueous HCl (1:1) 
for 30 minutes at room temperature. After these steps, the 
product was kept in HCl for 24 hours, then filtered before 
being washed with distilled water until a neutral pH was 
obtained. The purified graphene nano structures were dried 
overnight at 120°C and next used for the modification of an 
Au electrode. The graphene nanostructures were thereafter 
denoted as "Gr-AuAg-1" and "Gr-AuAg-1 .5", corresponding 
to each mixed catalyst. 

Au electrode modified with Gr-AuAg 
nanostructures (Au/Gr-AuAg- 1 
and Au/Gr-AuAg- 1 .5) 

Prior to modification with each composite material, the 
Au electrodes were electrochemically cleaned by cyclic 
voltammetry in 0.2 M H^SO^ solution (50 cycles from -0.25 
to +1.6 V vs Ag/AgCl, at a scan rate of 50 mV- s ') and then 
by ultrasound in both ethanol and double-distilled water 
(3 minutes each time). Subsequently, 20 |J,L of colloidal sus- 
pension of each composite material in dimethylformamide 
(0.5 mg-mL ') were deposited onto the metallic substrate 
and dried at room temperature for about 1 hour. In our 
experience, this time is long enough to allow the graphene 
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nanostructures to attach to the electrode surface. Following 
this process, the surface of the electrodes was fully covered 
by graphene. 

The electrochemical measurements (DPV and EIS) were 
performed with an Autolab 302N Potentiostat/Galvanostat 
(Metrohm Autolab B.V, Utrecht, the Netherlands) con- 
nected to a three-electrode cell and a personal computer. The 
working- and the counter-electrode had surface areas of 0.07 
and 2 cm^, respectively; an Ag/AgCl electrode was used as 
a reference. DPV measurements were generally recorded 
between 0.35 and+1 .0 V/Ag(AgCl), at a scan rate of 50 mVs 
EIS measurements were recorded over a 0. 1-10' Hz frequency 
range at an applied potential of +0.85 versus Ag/AgCl. The 
electrochemical experiments were carried out in deaerated 
solutions of phosphate-buffered saline (PBS) of pH 6 at vari- 
ous concentrations of captopril (5x10"'' to 5x10"' M). 

Morphological and structural 
characterization of Gr-AuAg-l 
and Gr-AuAg-1.5 composites 

The morphological characteristics of the graphene -metal 
nanoparticle composites were investigated by TEM/STEM, 
using a JEOL JEM-2100F Transmission Electron Micro- 
scope (Tokyo, Japan) equipped with X-ray energy dis- 
persive spectroscopy (XEDS) detectors by EDAX Inc 
(Mahwah, NJ, USA). TEM/STEM studies were performed 
at 80 kV. 

TGA analysis was performed using an SDT Q 600 instru- 
ment (TA Instruments, New Castle, DE, USA), within the 
temperature range of 25°C-800°C and at a heating rate of 
5°C ■ min-', in airflow (100 mL • min ')- 

X-ray powder diffraction data were collected in the 
20 =15-85° angular domain with a Bruker D8 Advance 
diffractometer (Bruker Corporation, Billerica, MA, USA) 
using Cu Kal radiation (X^l.5406 A). A germanium (1 1 1) 
monochromator (Vario 1 , Bruker Corporation) in the incident 
beam was used to eliminate the Ka2 radiation. 

BET analysis 

Nitrogen adsorption-desorption isotherms, registered 
at -196°C, were used to determine the total surface area (S^), 
pore volume (V^), and pore radius (R J of the Gr-AuAg- 1 and 
Gr-AuAg-1.5 samples. The BET method was used for total 
surface area determination and the Dollimore-Heal model 
for porosity results. The isotherms were registered using a 
Sorptomatic 1990 apparatus (Thermo Fisher Scientific Inc., 
Waltham, MA, USA). The graphene-composite samples 
(approximately 200 mg) were degassed at 200°C for 4 hours 



in vacuum ( 1 Pa) prior to determination, to remove the phy- 
sisorbed impurities from the sample surface. 

The total surface areas of the graphene-composite samples 
were 145 m^-g"' for Gr-AuAg-1 and 247 m^-g"' for Gr- 
AuAg- 1.5. These values are in the same domain as those recently 
reported in the literature.^'' The pore volume was 0.42 cm' ■ g ' 
forGr-AuAg-1 and0.71 cm' g"' for Gr-AuAg- 1.5. The distri- 
bution of pore radius was relatively broad for both composites, 
with the majority of pores in the mesoporous domain, having 
the radius between 20 and 200 A. 

Chemical studies of the Gr-AuAg-l 
and Gr-AuAg-1.5 composites 

X-ray photoelectron spectroscopy (K- Alpha, Thermo Fisher 
Scientific Inc.) was used to study the nature of chemical status 
of the Au and Ag nanoparticles in the composites. A mono- 
chromated Al Ka (hv) =1436.6 eV) X-ray source with a power 
of 36 W and a spot size of 400 |J,m was used to collect spectra 
at background pressure of -2x10 ' ton-. A wide survey scan 
in the range 0-1,350 eV was taken initially, at a pass energy 
of 200 eV and step size of 1 ey to determine various elements 
in the composites. High-resolution narrow scans of 25^0 eV 
width for Au4f, Ag3d, Cls, and 01s were collected at a pass 
energy of 50 eV and step size of 0.1 eV A charge shift of 0.6 
eV was applied to the collected data based on the C 1 s peak at 
284.5 eV obtained for adventitious carbon grown on a glass 
slide. Finally, the obtained spectra were analyzed using Shirley 
background subtraction, as well as Powell and Simplex mini- 
mization algorithms, using Avantage Data System software 
(version 5.38; Thermo Fisher Scientific Inc.). 

Reagents and solutions 

All of the reagents used for the experiments were of analyti- 
cal grade or better. Pure S'-captopril powder was purchased 
from the Tokyo Chemical Industry Co, Ltd (Tokyo, Japan). 
A stock solution of 5x10"' M 5-captopril was prepared in 
PBS pH 6 buffer and subsequently used for the preparation 
of lower concentration solutions (down to 5x10"'' M). 

Results and discussion 

Morphological, structural, and chemical 
investigation ofGr-AuAg-l and 
Gr-AuAg-1.5 composites 

The surface morphology of the graphene-AuAg com- 
posite samples was examined by TEM/high-resolution 
transmission electron microscopy (HRTEM). Figure lA 
and IB show the TEM micrographs of the Gr-AuAg-1 and 
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Figure I Transmission electron microscopy (TEM) images of: (A) graphene-gold ( 1 .0 wt%)-silver ( 1 .0 wt%) (Gr-AuAg- 1 ) composite and (B) graphene-gold (1.5 wt%)-silver 
(1.5 wt%) (Gr-AuAg- 1 .5) composite. (C) Particle size distribution for Gr-AuAg-l composite and (D) Gr-AuAg-1.5 composite. 

Notes: The histograms were obtained after counting over 100 nanoparticles from several TEM images. Scale bars in (A and B) are 20 nm. The white arrows indicate the 
metal nanoparticles attached to the graphene flakes. 

Gr-AuAg- 1.5, respectively. In both cases, one can see metal 
nanoparticles (black points, marked with white arrows) 
attached to the graphene sheets. As expected, a higher 
number of nanoparticles can be observed in the case of 
the Gr-AuAg-1.5 sample, due to the higher concentration 
of metals used within the mixed catalyst (1.5 wt% Au and 
1.5 wt% Ag). For the Gr-AuAg-1 sample, the size of the 
nanoparticles varied between 5 and 50 nm, with the major- 
ity of nanoparticles being below 14 nm, as indicated by the 
histogram in Figure IC. In contrast, for the Gr-AuAg-1.5 
sample, the size of the nanoparticles varied between 5 and 
100 nm, with the majority having a size of around 18 nm. 
The larger size can be attributed to the higher concentration 
of Au and Ag used within the catalytic system (1 .5 wt%), 
which led to the agglomeration of small Au/Ag nano- 
particles. These histograms were obtained after counting 
over 1 00 nanoparticles in the TEM/HRTEM micrographs, 
obtained from various samples. 

Since many nanoparticles can generally be seen in 
the close vicinity of the graphene edges (see the HRTEM 
images in Figure 2 A and B for Gr-AuAg-1 and Figure 2C 




Figure 2 High-resolution transmission electron microscopy (HRTEM) images of 
(A and B) the graphene-gold (1.0 wt%)-silver (1.0 wt%) (Gr-AuAg-l) composite 
and (C) graphene-gold (1.5 wt%)-silver 1.5 wt% (Gr-AuAg- 1 .5) composite showing 
metal nanoparticles located at the edge of the graphene sheet; (D) HRTEM image of 
the Gr-AuAg- 1 .5 composite showing the number of layers within graphene sheets. 
Notes: Scale bars; (A and B) 2 nm, (C) 1 0 nm, and (D) 5 nm. The white arrows indicate 
the number of layers within the graphene flakes. 
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for Gr-AuAg-1.5), it can be concluded that they represent 
the catalytic active centers for graphene formation. In the 
first step, a single layer of graphene was formed around 
a nanoparticle, which was then quickly transferred to the 
oxide support surface (MgO), allowing for the formation 
of new layers and finally large graphene sheets. The gra- 
phene nanoplatelets observed in these composite materials 
generally had regular shapes (square or rectangular), with 
dimensions ranging from tens to hundreds of nanometers. 
The presence of curls and wrinkles on the graphene platelets 
led to the increase in their total surface area, which is highly 
beneficial for a graphene-modified electrode. In the case of 
the Gr-AuAg-1.5 composite (HRTEM image, Figure 2D), 
one can see individual graphene rectangles with bent edges 
partially superimposed on one another. The majority of 
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graphene sheets have multiple layers (between eight and ten), 
but flakes with 14-16 layers have also been observed. Our 
advanced TEM analysis did not show the presence of other 
graphitic structures, such as nanotubes. 

STEM characterization of the Gr-AuAg-I and 
Gr-AuAg-1.5 composite samples gave us valuable informa- 
tion about the exact composition of the nanoparticles (pure 
metal or bimetal) attached to the graphene sheets. In both 
cases, the XEDS mapping revealed that the nanoparticles 
had a bimetallic composition (more than 50 nanoparticles 
were investigated). A representative STEM image is pro- 
vided for sample Gr-AuAg-I (Figure 3). Figure 3A presents 
the HRTEM image of two nanoparticles, between the size 
of 5 and 10 nm, while Figure 3B shows the corresponding 
high-angle annular dark-field image. The elemental mapping 
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Figure 3 (A) High- resolution transmission electron microscopy image of two metal nanoparticles in the graphene-gold ( 1 .0 wt%)-silver { 1 .0 wt%) (Gr-AuAg- 1 ) composite. 
(B) Scanning transmission electron microscopy image and elemental characterization of the Gr-Au-Ag-I composite sample: high-angle annular dark-field characterization of 
the metal nanoparticles in the Gr-AuAg- 1 composite; (inset) elemental mapping of the nanoparticles, which indicates that they have bimetallic (AuAg) composition. (C) X-ray 
energy-dispersive spectroscopy characterization of the Gr-AuAg-l composite, which clearly shows the presence of gold and silver. 
Note: Scale bar 2 nm (A). 



111^ submit your manuscript | 
Dovepress 



International Journal of Nanomedicine 2014:9 



DovcTiress 



Electrochemical oxidation of S-captopril using gold electrodes 



(inset of Figure 3B) demonstrates that the bright particles in 
the high-angle annular dark-field image are bimetallic, being 
composed of Ag and Au. The XEDS spectrum of this sample, 
shown in Figure 3C, additionally indicates the presence of Au 
and Ag. The elemental analysis proved that the amount of Au 
within these nanoparticles was about four times higher than 
that of Ag (2.3 wt% Au versus 0.5 wt% Ag, inset of Figure 
3C). The bimetallic composition may be explained by the 
strong tendency of Au nanoparticles to migrate and agglomer- 
ate on the catalyst's surface, at temperatures as high as those 
used for graphene synthesis (1,000°C).^^ During migration, 
they can easily encounter Ag nanoparticles, leading to the 



formation of bimetallic AuAg nanoparticles. Although the 
encapsulation of AuAg nanoparticles by graphene layers may 
slow this process, the analysis of various samples proved that, 
in all cases, the nanoparticles were bimetallic. However, the 
presence of pure Au or Ag nanoparticles in these composite 
materials cannot be excluded. The XEDS spectrum also 
revealed the existence of other elements including carbon, 
oxygen, and copper (from the copper grid). 

STEM characterization of the Gr- AuAg- 1.5 sample 
was performed to confirm that the nanoparticles within 
the composite material also had a bimetallic character. The 
high-angle annular dark-field image (Figure 4A) shows 
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Figure 4 (A and B) Scanning transmission electron microscopy image and elemental characterization of the graphene-gold { 1 .5 wt%)-silver ( 1 .5 wt%) {Gr-Au-Ag- 1 .5) composite 
sample: high-angle annular dark-field characterization of the Gr-Au-Ag- 1 .5 sample; (inset B) elemental mapping of the nanoparticles, which indicates that they have bimetallic 
(AuAg) composition. (C) X-ray energy-dispersive spectroscopy characterization of the Gr-AuAg- 1 .5 composite, which clearly shows the presence of gold and silver. 
Notes: The arrow indicates the cluster of nanoparticles from (A) that has been analyzed by elemental mapping (inset B). 
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nanoparticles of various sizes attached to the graphene 
sheets. A high-magnification image of a group of five nano- 
particles is provided in Figure 4B, along with the elemental 
mapping, which confirmed that the particles had a bimetallic 
composition (inset of Figure 4B). The corresponding XEDS 
spectrum is shown in Figure 4C, indicating the presence of 
Au and Ag. Quantitative information about the amounts 
of Au and Ag metals within these nanoparticles is shown 
in the elemental analysis (inset of Figure 4C). As in the 
case of Gr-Au-Ag-1 sample, there was more Au than Ag 
within these bimetallic nanoparticles (11.1 wt% Au versus 
4.5 wt% Ag). 

Although there were many similarities in the morpho- 
logical characteristics of the two composite materials, their 
thermal stability and crystalline structure were strongly 
influenced by the amount of metallic/bimetallic nanopar- 
ticles attached to the graphitic sheets. This was clearly 
evidenced by TGA and X-ray powder diffraction studies. 
TGA was employed to reveal information about the thermal 
behavior and stability of graphene samples synthesized over 
the Au-Ag [1 wt%]/MgO and the Au-Ag [1.5 wt%]/MgO 
catalysts, respectively. Figure 5A shows the TGA curves 
for the synthesized samples after purification, while the 
corresponding differential thermal analysis curves are pre- 
sented in Figure 5B. For the Gr-AuAg-1 sample, the value 
of the reaction yield (ri^) was determined to be 30.3%, and 
the final purity was 95.93% (the rj^ value was assessed as 
the mass that decomposed thermally as a percentage of the 
total mass, relative to the mass of the catalytic system used 
in the reaction). In contrast, the Gr-AuAg-1.5 sample had 
a lower purity (91.55%) - due to the higher concentration 
of nanoparticles embedded within the graphene sheets - as 
well as a lower reaction yield of about 20.5%. One mass- 
loss profile (around 640°C) was recorded for both composite 
samples, which indicated the presence of only one type of 
graphitic structure. 

Next, the position of the peak in the corresponding differ- 
ential thermal analysis curves, which represents the decom- 
position temperature of graphene structures (Figure 5B), was 
considered. This value is strongly dependent on the dimen- 
sions and crystallinity of graphene sheets. As can be seen 
in this figure, the Gr-AuAg-1 sample had a lower decompo- 
sition temperature (634.8°C) than Gr-AuAg-1.5 (647. 1°C). 
This clearly indicates a higher degree of crystallinity for the 
Gr-AuAg-1.5 composite, which is in excellent agreement 
with the results obtained by X-ray powder diffraction. 

Figure 6 shows the X-ray diffraction patterns of the 
two composite materials, exhibiting both the diffraction 
lines of graphene and the metal nanoparticles attached to 



A 100 

80 
60 

4^ 

■« 40 

20 
0 



Gr-AuAg-1.5 
Gr-AuAg-1 




200 400 600 

Temperature (°C) 



800 



B 



■fl) 
> 

> 

O 
Q 



1.6 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 





647.1 


634.8 / 




Gr-AuAg^T'/ / 


Gr-AuAg-1.5 








J 



300 400 500 600 

Temperature (°C) 



700 



800 



Figure 5 (A) Thermogravimetric curves for the purified graphene-gold (1.0 wt%)- 
silver (1.0 wt%) (Gr-AuAg-l; red line) and graphene-gold (1.5 wt%)-silver (1.5 wt%) 
(Gr-AuAg- 1 .5; blue line) samples and (B) the corresponding differental thermal 
analysis of composite samples. 



it (Miller indices are shown in the figure). According to an 
earlier study,^'* the peaks at around 25.0° (0 0 2) and 43.2° 
(10 0) correspond to the diffraction lines of graphene 
structures. Moreover, the position of the (0 0 2) peak can be 
used to determine the distance between the stacked graphitic 
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Figure 6 X-ray diffraction pattern of graphene-gold (1.0 wt%)-silver (1.0 wt%) 
(Gr-AuAg-l; red line) and graphene-gold (1.5 wt%)-silver (1.5 wt%) (Gr-AuAg- 1 .5; 
blue line) composite. 
Abbreviation: au, arbitrary units. 
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layers (d-spacing). In the case of our composite materials, 
this value was 0.350 nm for Gr-AuAg- 1 and 0.346 nm for the 
Gr-AuAg-1.5 sample, which is in excellent agreement with 
the values obtained from the edge-plane analysis in several 
HRTEM images. 

To compare the crystallinity of the two materials, the 
mean value of the graphene crystalline domain perpendicular 
to the (0 0 2) crystallographic plane was calculated using the 
Scherrer equation.^' This value was approximately 2.44 nm 
for the Gr-AuAg-1 composite. By taking into consideration 
that the distance between the stacked graphene layers was 
around 0.35 nm, the number of graphitic layers within the 
crystalline domain was easily determined to be around six. 
In the case of the Gr-AuAg-1.5 composite, the size of the 
crystalline domain was almost double (4.08 nm) that of the 
Gr-AuAg-1 composite and corresponded to about eleven 
graphitic layers. This finding is in excellent agreement with 
previous results,'" which demonstrated, for the first time, that 
by increasing the amount of Au nanoparticles in the catalytic 



system (Au^MgO) from x=l to 3 wt%, the degree of crystal- 
linity of graphene sheets considerably increased. The sample 
prepared with the catalyst having 3 wt% Au exhibited the 
highest degree of crystallinity. 

The chemical status of Au and Ag nanoparticles in the 
graphene composites was studied using narrow-scan X-ray 
photoelectron spectroscopy, as shown in Figure 7. Au nano- 
particles retained their metallic state, as revealed by doublet 
peaks at 83.5 eV and 87.24 eV for Gr-AuAg-1, and 84.42 
eV and 88.08 eV for Gr-AuAg-1.5, respectively. There was 
no sign of oxidation for the Au nanoparticles, as the curve 
fitting showed no deformation of the doublet peaks. 

In contrast, Ag3d doublet peaks for Ag nanoparticles 
showed a slight deformation, indicating oxidation of Ag 
nanoparticles, in both composites. As shown in Figure 7 of 
the Ag3d scan for Gr-AuAg-1, the main peaks at 368.1 eV 
and 374.1 eV suggest metallic states of Ag nanoparticles. 
However, peak fitting revealed deconvolution of peaks at 
higher binding energy, showing two more prominent peaks 
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Figure 7 X-ray photoelectron spectroscopy spectra of gold 4f and silver 3d within the two composite samples, graphene-gold (1.0 wt%)-silver (1.0 wt%) (Gr-AuAg-l) and 
graphene-gold ( 1 .5 wt%)-silver ( 1 .5 wt%) (Gr-AuAg- 1 .5). 
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at 366.87 eV and 377.02 eV These peaks can be attributed 
to a higher oxidation state Ag (II). A similar trend was 
observed for the Ag3d peaks of the Gr-AuAg-1 .5 composite, 
although, in this case, the deconvolution of peaks at higher 
binding energy was more significant than for Gr-AuAg-1. 
The percentage of oxidation for the Ag nanoparticles can be 
determined by assessing the area under the corresponding 
peaks, collected within the XPS collection depth for each 
sample. It was found that, for the Gr-AuAg-1 composite, 
only 20.41% of the Ag was oxidized, while for the Gr-AuAg- 
1.5 composite, 25.04% of the Ag was found to be oxidized. 
The results indicate that the majority of Ag nanoparticles in 
both composites retained their metallic state and hence are 
embedded properly in the graphene structure. 

The marked differences we observed between the two 
composite samples (Gr-AuAg-1 and Gr-AuAg-1.5) were 
reflected in the electro-catalytic properties of these materials, 
which will be discussed next. 

Electrochemical oxidation of captophi 
using electrodes modified with 
graphene-AuAg composites 
(Au/Gr-AuAg-l and Au/Gr-AuAg- 1 .5) 

Captopril is a dibasic acid, having two dissociation constants: 
pk^j =3.7 (carboxyl group) andpk^=9.8 (thiol group). Both the 
carboxyl and thiol groups can be electrochemically oxidized. 
The electrochemical behavior of captopril was investigated 
with an Au/Gr-AuAg-1 .5-modified electrode, in solutions with 
varying pH between 3.6 and 8, using DPV (Figures 8 and 9). 
In acidic solutions (pH 3.6 and 4.2), one can see two peaks, 
due to the oxidation of carboxyhc group (+0.65 V vs Ag/AgCl) 
and thiol group (+0.85 V vs Ag/AgCl). In solutions of higher 
pH (pH 5 and 6), the signal of the first oxidation peak strongly 
decreased, due to the deprotonation of the carboxylic group. 
In fact, in a solution of pH 6, only one peak remained, with its 
maximum at around +0.78 V versus Ag/AgCl, which can be 
attributed to the oxidation of the thiol group. Next, in neutral 
and slightly basic solutions (pH 7 and 8, respectively) the 
oxidation signal from the thiol group considerably decreased 
due to the deprotonation of the thiol group. Based on these 
experimental results, pH 6 was chosen as the optimum pH for 
studying the oxidation of captopril with graphene-modified 
electrodes. With this solution, the anodic current generated 
during captopril oxidation can be attributed to the dimerization 
of captopril molecules (Figure 10). 

To examine the electro-catalytic activity of the Au/Gr- 
AuAg- 1 and Au/Gr-AuAg- 1 .5-modified electrodes, we tested 



A 1.3x10-= 
1.2x10-= 
1.1x10-= 



i 9.0x10-' 



7.5x10-= 
6.0x10-= 
4.5x10-= 



1 0-^ M captopril in 0.2 IVI acetate buffer 
pH 5 




pH 3.6 



' bacl<g round 



0.4 0.5 0.6 0.7 0.8 0.9 

E (V) vs Ag/AgCI 



B 



1.3x10-= 

1.2x10- 

1.1x10-= 

1.0x10-' 

9.0x10-' 

8.0x10-' 



10-^ IVI captopril in 0.2 M PBS 
pH 6 




0.5 0.6 0.7 0.8 

E (V) vs Ag/AgCI 



Figure 8 Differential pulse voltammograms recorded witii an electrode modified 
with graphene-gold (1.5 wt%)-silver (1.5 wt%) (Gr-AuAg- 1 .5) composite eitiier In 
(A) acetate buffer solutions of pH 3.6 (olive line), pH 4.2 (blue), pH 5 (red) and 
10"^ M captopril or (B) phosphate-buffered saline (PBS) solutions of pH 6 (orange), 
pH 7 (cyan), pH 8 (wine) and 10 ' M captopril. 

Notes: Scan rate: 50 mVs"'; in both cases, the black lines represent the recordings 
in the supporting electrolyte. 



them by DPV Figure 1 1 displays the DPVs recorded with 
each modified electrode, as well as with bare Au, in solution 
containing 10^ M captopril (in 0.2 M PBS pH 6; scan rate 
50 mV ■ s '). The Au/Gr-AuAg-1 .5 electrode displays a clear 
oxidation peak at around +0.8 V versus Ag/AgCl. In the case 
of bare Au and the Au/Gr-AuAg-l electrode, no oxidation 
peak is visible. Moreover, one can see that the capacitive cur- 
rent of the Au/Gr-AuAg- 1 electrode was around 6.7x 1 0"*" A, 
four times greater than that of the Au/ Gr-AuAg- 1 . 5 electrode 
(1.6x10" A). 

Thus, the composite material prepared with a higher con- 
centration of Au and Ag (Gr-AuAg-1.5) greatly facilitated 
the direct transfer of electrons between captopril and the 
electrode surface. This is in contrast with many previously 
published papers, which have generally reported the employ- 
ment of a redox mediator either in solution' ' or adsorbed on 
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Figure 9 The electro-catalytic effect of a gold electrode modified with graphene-silver and gold (Au/Gr-AuAg-l .5) nanocomposites for the electrochemical detection of 
S-captopril. 



the electrode surface in order to enhance the oxidation of 
captopril molecules. 

By comparing the differential pulse voltammo- 
grams recorded with the two modified electrodes (from 
Figure 12 A and B) at various concentrations of captopril, 
one can see that, for the Au/Gr- AuAg- 1.5 electrode, the 
peak current was well-defined, even at a relatively low con- 
centration (10^^ M). In contrast, the signals recorded with 
the Au/Gr- AuAg- 1 electrode were poorly defined within the 
5x10 to 5x10"^ M concentration range, and many of them 
overlapped with the background signal. 

Based on the data obtained from various differential pulse 
voltammograms in which the concentration of captopril was 
varied from 0 to 10"^ M, a linear regression statistical analysis 
of peak current (1^^^^) versus concentration (C) was obtained 
(Figure 13). In Figure 13, one can see two linear ranges, 
one from 0 to 5x10"^ M and the other from 5x10"^ to 10"^ M 
(due to the coverage of the electrode surface with oxidation 
products, which diminishes the active area). The detection 
limit (signal-noise ratio of three) corresponding to the first 
linear range was found to be 6x10 ' M. This detection limit 
is a little higher than that recently reported by Sattarahmady 
et al'* (0.33 1 |J,M). However, in our case, the main advantage 
was the absence of the redox mediator, generally employed 
to favor the transfer of electrons between captopril molecules 
and the electrode surface.'^"''' 

Based on the preliminary experimental results, it can 
be hypothesized that the electro-catalytic properties of the 




Figure 10 Electrochemical oxidation of captopril in pH 6 solution. 



synthesized composites could be influenced by the degree 
of crystallinity of the graphene. Additional work will be 
required to prove this. Moreover, it is important to note that 
our composite material, Gr- AuAg- 1.5, exhibited a larger 
proportion of edge-plane sites, in comparison with single- 
sheet graphene. Giiell et aP^ have recently reported that 
single-sheet graphene has lower electrochemical activity 
than multi-layer graphene. If the number of layers is greater 
than seven, the heterogeneous electron-transfer kinetics is 
greatly improved, and the electron-transfer process becomes 
nearly reversible. Therefore, the outstanding ability of the Gr- 
AuAg-1.5 composite to directly transfer the electrons from 
captopril molecules to the electrode surface may be due to 
the multi-layer morphology: around eleven layers, arranged 
in a highly crystalline structure. Due to its high crystallinity, 
the Gr- AuAg- 1.5 sample exhibited performance superior to 
that of the Gr-AuAg- 1 composite in the electro-analysis of 
captopril. 

In addition, we suggest that there are two other favorable 
factors that enhance the transfer of electrons: 1) the Gr-AuAg- 
1.5 composite had a larger surface area (247 m--g"') than 
the Gr-AuAg-1 composite (144 m^ ■ g '), as proved by BET 
analysis; 2) the Gr- AuAg- 1.5 composite had an increased 
amount of bimetallic nanoparticles attached to graphene 
sheets (as proved by TGA analysis), and consequently an 
increased number of edge-plane-type defects. These defects 
generally have a higher density of states, and are the domi- 
nant electro-active sites for the oxidation of various organic 
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Figure I I Differential pulse voitammograms recorded with bare gold {Au; black 
line) and with electrodes modified with graphene-gold {1.0 wt%)-silver (1.0 wt%) 
(Gr-AuAg-l; red) or graphene-gold (1.5 wt%)-silver (1.5 wt%) (Gr-AuAg- 1 .5; blue) 
composite, in solution containing 10^ M captopril, in phosphate-buffered saline 
of pH 6. 

Note: Scan rate: 50 mVs"'. 
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Figure I 2 Differential pulse voitammograms recorded with electrodes modified 
with (A) graphene-gold { 1 .0 wt%)-silver { 1 .0 wt%) (Gr-AuAg- 1 ) or (B) graphene-gold 
(1.5 wt%)-silver (1.5 wt%) (Gr-AuAg- 1 .5) composite, in phosphate-buffered saline of 
pH 6 containing various concentrations of captopril (5x 1 0"^ to 5x 1 0"^ M). 
Note: Scan rate: 50 mVs"'. 
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Figure I 3 Calibration plot (l^^^i^ vs captopril concentration) obtained with the gold/ 
graphene-gold {1.5 wt%)-silver (1.5 wt%) (Gr-AuAg- 1 .5) electrode. 

molecules (adenine, guanine), as has been recently reported 
by Gongalves et al" and Li et al.^* 

These results are complementary to those recently 
published by this group,"" which demonstrated that gra- 
phene sheets prepared over two different catalytic systems 
(AuyMgO or Ag^MgO) and having the same amount of 
metal loaded in the system (x=3 wt%) exhibited a very 
similar degree of crystallinity. The electrodes modified with 
the two composite materials had the same electro-catalytic 
effect toward carbamazepine oxidation. The type of metal 
(Ag or Au) was found to have very little effect on the elec- 
trochemical characteristics of the modified electrode. 

The reproducibility and stability of the Au/Gr-AuAg- 
1.5 -modified electrodes were investigated by measuring 
their responses in 0.2 M PBS pH 6 solution containing 
10"'' M captopril. The relative standard deviation of the 
oxidation peak current by five successive measurements was 
determined to be 3%. In addition, the fabrication reproduc- 
ibility was estimated by modifying five electrodes with the 
composite material under the same conditions, and, in this 
case, the relative standard deviation was 3.5%. The modified 
electrodes were then kept at room temperature for 2 weeks, 
and the recorded peak currents were at about 98.5% of their 
initial values. These results revealed the good stability and 
reproducibility of Au/Gr-AuAg- 1.5 -modified electrodes. 

In addition, the oxidation of captopril was studied by 
EIS, using two Au electrodes modified with 20 jiL of each 
composite material (Figure 14A-C). The electrochemi- 
cal transformations occurring at the electrode-electrolyte 
interface were modeled based on an equivalent electrical 
circuit."'^'' Such a circuit generally includes the following: 
the Warburg impedance - characteristics for the diffusion 
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Figure 1 4 (A) Equivalent electrical circuit used to fit the experimental results. Nyquist 
plots obtained with the (B) Au/graphene-gold ( 1 .0 wt%)-silver ( 1 .0 wt%) (Gr-AuAg- 1 ) 
and (C) Au/graphene-gold ( 1 .5 wt%)-silver { 1 .5 wt%) (Gr-AuAg- 1 .5) electrodes (each 
modified with 20 |lL of composite material) in solutions of phosphate-buffered saline 
at pH 6 containing various concentrations of captopril (5x10^^ to 5x10"^ M) at an 
applied potential of +0.85 V versus Ag/AgCl. 

Note: The continuous lines represent the fit based on the equivalent circuit. 
Abbreviations: CPE, constant-phase element; Z^^, Warburg impedance; R^^, 
charge-transfer resistance; R^, solution resistance. 



of ions from the bulk electrolyte to the electrode interface; 
the charge-transfer resistance R^^ - which reflects the ability 
of the interface to transfer the electrons; the double-layer 
capacitance C^j - due to the charging/discharging of the 
double layer; and R - the ohmic resistance of the electro- 
lyte (Figure 14A). The dielectric and insulating properties 
of the interface are reflected by both C ,, and R „ while R 

dl ct' s 

and are characteristic of the bulk properties of the elec- 
trolyte solution. In the case of a rough surface (like that of 



a modified electrode), the double-layer capacitance is 
generally replaced by a CPE." 

Experimental EIS data can be represented either as a 
Nyquist plot or a Bode plot.^^ A Nyquist plot typically includes 
a small semicircle at high frequencies (characteristic of the 
electron transfer-limited process) and a straight line at low 
frequencies (characteristic of the diffusion-limited process). 
The diameter of the high-frequency semicircle is equal to the 
charge-transfer resistance (R^^), and, in the case of a material 
that exhibits fast heterogeneous electron-transfer kinetics, its 
value is around hundreds of Ohm. In contrast, for a material 
that has a slow transfer of electrons, the Nyquist plot includes 
only the large semicircle, without the straight line. 

Figure 14B and C present the Nyquist plot for the Au/Gr- 
AuAg-1 and Au/Gr-AuAg-1.5 electrodes, respectively, both 
recorded at various concentrations of captopril (5x10"'' to 
5x10"' M, in 0.2 M PBS pH 6 solution) and at an applied 
potential of +0.85 V versus Ag/AgCl. It can be observed 
that the curves recorded with the two modified electrodes 
are different. The Au/Gr-AuAg-1 electrode is less sensitive, 
and, therefore, the signal recorded at low concentrations of 
captopril (5x10 ' to 10"' M) overlaps with that recorded for 
the background (pure PBS pH 6 solution). In contrast, the 
signal recorded for the Au/Gr-AuAg-1.5 electrode strongly 
varies with an increase in the captopril concentration (5x10"'' 
to 5x10"^ M). In both cases, the accumulation in time of 
oxidation products at the electrode surface hinders the transfer 
of electrons and leads to a large R^^ (around lO'' Ohm). 

Conclusion 

In this work, for the first time as far as we are aware, two 
composite materials based on graphene and bimetallic 
AuAg nanoparticles were used for the electrochemical 
investigation of 5-captopril oxidation. A well-defined 
oxidation signal was obtained, with the composite having 
a higher amount of Au and Ag embedded within graphene 
layers (Gr- AuAg- 1.5 sample). In contrast, the oxidation 
signal recorded for the Gr-AuAg-1 sample was very broad 
and poorly defined. The different electro-catalytic properties 
of the two materials can be attributed to the differences in 
their crystalline structures. X-ray powder diffraction studies 
showed that the mean value of graphene crystalline domain 
perpendicular to the (0 0 2) crystallographic plane was 
4.08 nm for the Gr-AuAg-1.5 sample and corresponded to 
about eleven layers. This value was twice that correspond- 
ing to the Gr-AuAg-1 sample (2.44 nm), which consisted 
of about six layers. 
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